Abstract Vitis L. (the grape genus) is the economically most important fruit crop, as the source of grapes and wine. Phylogenetic relationships within the genus have been highly controversial. Herein, we employ sequence data from whole plastomes to attempt to enhance Vitis phylogenetic resolution. The results support the New World Vitis subgenus Vitis as monophyletic. Within the clade, V. californica is sister to the remaining New World Vitis subgenus Vitis. Furthermore, within subgenus Vitis, a Eurasian clade is robustly supported and is sister to the New World clade. The clade of Vitis vinifera ssp. vinifera and V. vinifera ssp. sylvestris is sister to the core Asian clade of Vitis. Several widespread species in North America are found to be non-monophyletic in the plastome tree, for example, the broadly defined Vitis cinerea and V. aestivalis each needs to be split into several species. The non-monophyly of some species may also be due to common occurrences of hybridizations in North American Vitis. The classification of North American Vitis by Munson into nine series is discussed based on the phylogenetic results. Analyses of divergence times and lineage diversification support a rapid radiation of Vitis in North America beginning in the Neogene.
Introduction
Vitis L., the grape genus, consists of about 70 species in the family Vitaceae. It is widely distributed in the Northern Hemisphere, with eastern Asia and North America as the two centers of diversity and only one species (Vitis vinifera L.) occurring in Europe to west Asia (Wen, 2007) . Vitis is one of the 16 genera of Vitaceae and the genus is most well-known for its economic importance as the source for wine, grapes, and raisins (Wen, 2007; Gerrath et al., 2015; Wen et al., 2018) . The wine grape species (Vitis vinifera) has been widely cultivated and represents the most economically important fruit crop in the world (Galet, 1988; Mattia et al., 2008; Myles et al., 2011; Gerrath et al., 2015) .
Despite its economic importance, the taxonomy of the grape genus has remained poorly understood. The last worldwide monograph was by Planchon in 1887. Later, regional treatments have highlighted numerous areas of taxonomic disagreement (Bailey, 1934; Comeaux et al., 1987; Moore, 1987 Moore, , 1991 Li et al., 1996; Li, 1998; Shetty & Singh, 2000; Wan et al., 2008; Moore & Wen, 2016) . Some of the taxonomic disagreements were suggested to be partly due to hybridization among several species, such as in the V. cinerea complex (Munson, 1909; Barrett et al., 1969; Comeaux et al., 1987; Moore, 1991 ). Yet these hybridizationrelated taxonomic problems have rarely been analyzed experimentally, neither by using a thorough sampling design nor in an ecological context. Two subgenera of Vitis have commonly been recognized. Subgenus Vitis includes the majority of species and is widely distributed in the Northern Hemisphere. Subgenus Muscadinia consists of two species and is restricted to the southeastern United States, the West Indies, and Mexico (Brizicky, 1965; Wen, 2007) . Small (1903) elevated subgenus Muscadinia to the generic rank, a treatment followed by some authors (e.g., Weakley et al., 2011) . However, a recent phylogenetic study of the Vitis-Ampelocissus clade (Liu et al., 2016) showed that the Central American Ampelocissus erdvendbergianus Planch. is sister to the genus Vitis. To maintain the monophyly of Vitis and Ampelocissus, A. erdvendbergianus needs to be transferred to Vitis. Recognizing Muscadinia as a distinct genus would require description of a monospecific new genus from Central America; it makes better sense to maintain a broadly circumscribed Vitis (Moore & Wen, 2016) .
The two species of Vitis subgenus Muscadinia: V. popenoei J.H. Fennel from Mexico and V. rotundifolia Michx. from the southeastern U.S.A. to the Caribbean region (Wen, 2007; Moore & Wen, 2016) form a clade sister to Vitis subgenus Vitis (Liu et al., 2016) . Taxa of subgenus Muscadinia have 40 chromosomes, simple tendrils, larger fruits and seeds with longer ventral infolds than the rest of the species in Vitis (Chen & Manchester, 2011; Moore & Wen, 2016) . Vitis subgenus Vitis has 38 chromosomes, and often bifurcate or trifurcate and sometimes simple tendrils (Wen, 2007 ; also see Moore & Wen, 2016; Gerrath et al., 2017) .
Several recent studies have provided insights into the phylogeny of Vitis (Aradhya et al., 2008 Tr€ ondle et al., 2010; P eros et al., 2011; Zecca et al., 2012; Miller et al., 2013; Wan et al., 2013; Liu et al., 2016) . Most of these showed evidence for the taxa of Vitis subgenus Vitis being resolved into two main clades with biogeographic affinities corresponding to a Eurasian and a New World group, respectively (Ren et al., 2011; Aradhya et al., 2013; Miller et al., 2013; Liu et al., 2016; Ma et al., 2018) . However, the phylogenetic study by Wan et al. (2013) using 27 single-copy nuclear markers suggested that the Asian taxa of subgenus Vitis were nested within the New World grade. Overall, the phylogenetic relationships within Vitis subgenus Vitis remain poorly understood, perhaps due to hybridizations among species as well as recent divergences of taxa.
A common problem in molecular phylogenetics is that phylogenetic relationships among recently diverged species are often difficult to resolve due to insufficient phylogenetic signal in the molecular markers and/or conflicts among gene trees (O'Meara, 2010; Zimmer & Wen, 2012 . With preliminary evidence on recent divergences of taxa in Vitis at the subgeneric level, our objectives were to employ chloroplast phylogenomics to resolve the relationships in Vitis subgenus Vitis, and to investigate the rates of divergence, emphasizing the New World clade.
Material and Methods
2.1 Taxon sampling, DNA extraction, and plastome sequencing We sampled 53 accessions (Table 1) of Vitis subgenus Vitis with 42 accessions from the New World to broadly represent the taxonomic diversity in the clade (see Moore & Wen, 2016) , as well as two accessions from Europe to West Asia (V. vinifera ssp. vinifera and V. vinifera ssp. sylvestris) and nine from eastern Asia. We sequenced V. rotundifolia var. munsoniana of Vitis subgenus Muscadinia as the outgroup, and included four additional outgroup species of Ampelocissus Planch., Pterisanthes Blume and Parthenocissus Planch., all of which formed a clade with Vitis in our prior phylogenetic studies (Soejima & Wen, 2006; Wen et al., 2007; Ren et al., 2011; Zhang et al., 2015a; Liu et al., 2016; Lu et al., 2018) (Table 1) .
We isolated DNAs from $15 mg silica gel dried leaves or 100% ethanol preserved leaf samples. We carried out the DNA extractions using a Qiagen DNeasy Plant Mini Kit and constructed the genomic libraries with an Illumina library prep kit. Paired-end reads of 2 Â 150 bp for all 54 samples were produced using an Illumina NextSeq DNA sequencer at the Genomic Sequencing and Analysis Facility (GSAF) at the University of Texas, Austin. We employed DNA samples of different concentrations and quality (see Table 1 ) to test the sensitivity of the genome skimming approach (Zhang et al., 2015a) .
Genome assembly
Quality sequence data were obtained for all samples with different DNA concentrations and quality. Raw data from GSAF were filtered for sequence quality using Trimmomatic (Bolger et al., 2014) under default parameters. The annotated plastome for V. vinifera was acquired from GenBank (NC_007957; Jansen et al., 2006) , and was used as the reference for most of the plastome assemblies. Each taxon was assembled using both the reference genome and de novo assembly methods, as in Zhang et al. (2015a) . Reference assemblies were performed using Bowtie (Langmead et al., 2009) implemented in Geneious R10 under default settings. The de novo assembly was done with Velvet (Zerbino & Birney, 2008) implemented in Geneious (Kearse et al., 2012) with sequence length required for a match, or kmer length, set to 69-99 base pairs. Sequence errors and ambiguities were corrected via comparing the consensus sequence from the reference assembly method and the sequences from de novo assembly. The plastome sequence data of Vitis newly generated from this study have been submitted to GenBank (Table 1) .
Sequence alignment and phylogenetic analyses
The plastomes of the 54 accessions were aligned using MAFFT (Katoh & Standley, 2013) implemented in Geneious. Using the concatenated matrix that contained the entire plastome sequences, we reconstructed the phylogeny of Vitis subgenus Vitis using both Bayesian Inference and Maximum Likelihood (ML) methods. We ran the Bayesian analysis in BEAST 2.4.6 Bouckaert et al., 2014) for 300 000 000 pre-burnin (i.e., unrecorded) generations to ensure that the analysis reached stationarity followed by 300 000 000 generations with sampling every 1000. Preliminary analyses run under identical parameters without a pre-burnin failed to reach complete stationarity and resulted in low ESS values. We used the GTR þ G model of nucleotide substitution (Yang, 1996; Ronquist et al., 2012) with four bins to approximate the gamma distribution of rates and using empirical base frequencies, and we applied the birth-death model of tree branching process. We checked for stationarity in Tracer v1.6 by confirming an ESS of greater than 200 for all parameters and by visually inspecting the distributions of the sampled states, and we determined that our pre-burn-in was sufficient. We further verified stationarity by comparing results to a second, identical run. We performed the burn-in and found the Maximum Clade Credibility (MCC) tree with median length branches using TreeAnnotator of the BEAST 2.4.6 package. We visualized the MCC tree in FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). Additionally we performed the ML analysis in RAxML v8.2 (Stamatakis, 2014) under the GTRGAMMA model as derived from JModelTest 2.1.0 (Posada, 2008) and with 1000 bootstrap replicates. Simultaneously with the Bayesian estimation of phylogeny in BEAST, we performed divergence time estimation using nodal calibrations. We calibrated the crown age of the VitisAmpelocissus-Pterisanthes clade based on Ampelocissus parvisemina Chen & Manchester (2007) , which represents the earliest fossil of Vitaceae that can be assigned with confidence to a node in the phylogeny of extant species (reviewed in Liu et al., 2016) . Ampelocissus parvisemina is known from an outcropping of the Bullion Creek Formation near Beicegal Creek, North Dakota (Chen & Manchester, 2007) that is Late Paleocene in age and includes Tiffanian-stage mammals (Manchester et al., 2004) . Based on this fossil, we set the nodal calibration using a lognormal prior with offset of 58.5 Ma and a standard deviation of 1.0. This resulted in a mean of 60.15 Ma and a high probability density of 58.6-65.6 Ma, which includes most of the Paleocene epoch (Walker & Geissman, 2012) . We constrained the monophyly of the Vitis-Ampelopcissus-Pterisanthes clade, because our preliminary results supported this constraint and to improve the implementation of the desired prior (Heled & Drummond, 2012) .
Analyses of rates of divergence
We used lineage through time (LTT) and Bayesian inference to infer rates of divergence. We generated the LTT plots for three subclades from our time-calibrated Bayesian phylogenetic results: the crown nodes of the Vitis ingroup, the Eurasian clade, and the New World clade. We isolated the subclades from rooted phylogenies by pruning in Mesquite (Maddison & Maddison, 2011) . We used the pruned trees to generate the LTT plots in the R package, "APE" (Paradis et al., 2004) . We further tested potential rate shifts in Vitis on the timecalibrated maximum clade credibility tree of Vitis with the highest posterior probability using the Bayesian Analysis of Macroevolutionary Mixtures (BAMM) (Rabosky et al., 2014a) . The visualization of the BAMM results used the R-package BAMMtools (Rabosky et al., 2014b) .
Results
The aligned matrix for Vitis was 161 716 bp in length. The Bayesian inference yielded a well-resolved topology with only a few nodes having support values less than pp of 0.95 (Fig. 1) . The Bayesian topology showed two major clades in Vitis subg. Vitis: the New World clade and the Eurasian clade. Within the New World clade, V. californica was sister to the clade of the remaining New World species (pp ¼ 1.0; Fig. 1 ). The New World clade and the Eurasian clade each had a posterior probability of 1.0. All voucher specimens are deposited in the United States National Herbarium (US) at the Smithsonian Institution, Washington, D.C., U.S.A.
The widespread species Vitis cinerea was not monophyletic, but each of the four varieties of this "species" is supported to be monophyletic (Fig. 1) . Another widely distributed species, V. aestivalis, was also not monophyletic. Vitis arizonica of southwestern North America was found to be sister to V. girdiana from southern California, and this clade was then sister to V. treleasei.
We inferred that the Vitis crown group arose 34.03 million years (Ma) (Fig. 2) revealed more rapid net diversification in the New World clade than the Eurasian clade. This is especially evidenced by the diversification curve for the North American species that crosses the curve for Eurasia.
A similar rate shift of the New World Vitis clade (but excluding Vitis californica) was suggested by the BAMM analyses (Fig. 3) .
Discussion

Monophyly and relationships of New World species of Vitis subgenus Vitis
The New World species of Vitis subgenus Vitis form a clade (Fig. 1) . Within this clade, Vitis californica from northern California is sister to the clade of the remaining species. Vitis californica is a long-branch taxon, indicating that it perhaps represents an evolutionarily relict with high levels of extinction. Its antiquity combined with its distribution in the northwestern part of North America suggest the importance of the Bering land bridge as a connection between the New Fig. 1 . Maximum clade credibility tree resulting from co-estimation of phylogeny and divergence times in BEAST using the plastome dataset. Most nodes have posterior probability (pp) of greater than or equal to 0.95, and those few nodes shown in red have pp less than 0.95. Dated nodes of interest are highlighted with yellow polygons, and their median ages along with 95% high probability densities for ages are shown adjacent. Labels inside of polygons refer to the Vitis crown group (Vi), Vitis subgenus Vitis (Vv), the Eurasian clade (EA), the New World clade (NW), the European/west Asian clade (Eu), and the eastern Asian clade (As). For all nodes, light blue bars indicate high probability densities of ages. Scale below tree in millions of years; scale left of tree representing branch lengths.
World and Eurasia . However, more detailed biogeographic inference of Vitis needs to be conducted with a broader sampling of the genus both in the New World and in Eurasia.
The eleven taxa of Vitis subgenus Vitis sampled from Eurasia formed a well-supported clade. The two European/western Asian taxa (V. vinifera ssp. vinifera and V. vinifera ssp. sylvestris) formed a clade, that is, sister to the core Asian clade, which occurs from Japan to the Himalayan region (Fig. 1) . Munson (1909) treated the four species V. arizonica, V. californica, V. girdiana and V. treleasei as constituting Vitis subgenus Vitis series Occidentales Munson. He characterized this series loosely as possessing small to medium leaves, small or medium clusters (fruits), and late ripening berries. Our phylogenetic analyses clearly indicate that series Occidentales is not monophyletic. Vitis californica is not closely related to the remaining three species of the series and may best be recognized as its own monotypic taxon at the infrageneric level. Nevertheless, the phylogenetic position of V. californica needs to be further assessed, as the newly generated genome resequencing data (Ma et al., 2018) placed V. californica as sister to the clade of V. monticola, V. riparia, V. rupestris, V. girdiana and V. arizonica. There may be data incongruence between the nuclear and plastome data sets concerning the position of V. californica, which may be derived from ancient hybridization. Vitis arizonica is a species widely distributed in Arizona, New Mexico through to western Texas. Our analyses support that V. arizonica is sister to V. girdiana from southern California. This V. arizonica-V. girdiana clade then forms a clade with V. "treleasei", an entity of controversial taxonomic status that is distributed in Arizona and New Mexico and neighboring northern Mexico. The species was largely distinguished from V. arizonica by leaf pubescence (Munson, 1909) . Munson (1909) established the series Coriaceae Munson to include four species in North America: V. shuttleworthii (¼ V. coriacea Shuttleworth then), V. mustangensis (¼ V. candicans Engelmann then), V. doaniana, and V. champini Planchon (see Fig. 2 . Lineage through time plot for the crown nodes of the Vitis ingroup (Vi, black), the New World clade (NW, blue), and the Eurasian clade (EA, purple). These nodes are labeled in Fig. 1 . Fig. 3 . Rate shift with the highest posterior probability inferred in BAMM on the time-calibrated maximum clade credibility tree from BEAST. Two major shifts predicted and shown with red circles. Colors on the branch represent the mean of the posterior density of net diversification rate (speciation rate minus extinction rate). Labels inside of polygons refer to the Vitis subgenus Vitis (Vv), the species V. californica (V-ca), the New World Vitis subgenus Vitis excluding V. californica (Vv Exc. V-ca), the Eurasian clade (EA), the New World clade (NW), the European/west Asian clade (Eu), and the eastern Asian clade (As). Moore & Wen, 2016 for synonyms) . Vitis mustangensis has been recently regarded as a close relative of V. shuttleworthii, a narrow endemic species in peninsular Florida (Moore & Wen, 2016) . The two species share highly tomentose leaf abaxial surfaces and large berries. Vitis mustangensis is a common species distributed from Alabama to Texas and Oklahoma. Our phylogenetic analyses sampled two accessions of V. mustangensis. One accession (V23) was sister to the V. palmata-V. riparia clade; and the other accession (V20) was sister to V. acerifolia, a species distributed in the southwestern US in Colorado, Kansas, New Mexico, Oklahoma and Texas. In Oklahoma and Texas, Vitis acerifolia and V. mustangensis may occur in the same areas. Vitis mustangensis is a very large climber and may have hybridized with several species occurring in the same geographic area. In fact, V. doaniana has been proposed as a hybrid between V. mustangensis and V. acerifolia (see Moore & Wen, 2016) . Vitis shuttleworthii from southern Florida was found to be a sister to the clade of two tropical/subtropical taxa, V. tiliifolia and V. biformis, plus one accession of V. labrusca (V35), and is apparently not closely related to V. mustangensis.
Vitis labrusca was considered to be a highly distinctive taxon by Planchon (1887) and Munson (1909) . Planchon (1887) established series Labruscae Planchon, that was monotypic to include Vitis labrusca. We sampled two accessions of V. labrusca and found that the two do not comprise a clade. Instead the sample collected from Connecticut (V32) grouped with two species from Mexico (V. bloodworthii and V. peninsularis); and the second sample collected from Virginia (V35) formed a clade with the tropical/subtropical taxa, V. tiliifolia and V. biformis. It is surprising that the two accessions of V. labrusca do not form a clade, because they are morphologically similar, bearing characteristic leaves that are highly tomentose and somewhat reddish at the tip of the shoots and having tendrils at almost all nodes. However, the accession from southwestern Virginia (V35, Wen 12607) bears three inflorescences, which had only three developed fruits. All the other female flowers on the accession from Virginia were aborted, suggesting that it may be of hybrid origin. Nevertheless, it is curious that the accession from Virginia did not group with any species occurring in geographically proximal areas (e.g., V. aestivalis, V. cinerea var. baileyana, and V. vulpina). We will test the species delimitation of V. labrusca and assess its phylogenetic positions in our future studies.
Vitis palmata is sister to V. riparia sampled from Massachusetts (V33; Fig. 1 ). Munson (1909) placed V. palmata (¼ V. rubra Michx. sensu Munson) along with V. cordifolia Michx. (¼ V. vulpina in this treatment), and V. monticola in series Cordifoliae Planch. Munson (1909) emphasized that these three species have fruits ripening late, and leaves small to medium with smooth shiny surfaces. Series Cordifoliae sensu Munson (1909) is clearly polyphyletic in our study (Fig. 1) .
Vitis riparia is one of the most widespread species in North America and is the northernmost species in the continent. We included five accessions in our study and the five accessions are resolved in three different clades. The accession V33 from Massachusetts is sister to V. palmata; one accession from Virginia (V34) is sister to V. cinerea var. floridana; and three accessions (V18 and V56 from Virginia, and V21 from Illinois) form a clade sister to V. aestivalis var. lincecumii. Miller et al. (2013) supported the clade/group of (V. rupestris, (V. acerifolia, V. riparia)) using single nucleotide polymorphism (SNP) genotype and hybridization intensity data derived from the Vitis9kSNP array developed for grape (Myles et al., 2010) . Their group of V. riparia-V. acerifolia-V. rupestris is consistent with series Ripariae Munson (Munson, 1909; Moore, 1991) . We will pursue nuclear data for further analyses of V. riparia, which likely hybridizes naturally with other Vitis species. In fact, Vitis novae-angliae Fernald is probably a hybrid between V. riparia and V. labrusca, both of which occur in the New England region in North America (Moore & Wen, 2016) . Wan et al. (2013) proposed that broad reticulation across many species perhaps was important in Vitis and is still acting today. The prevalence of hybridization in Vitis may be supported by the non-monophyly of several widespread species based on the plastome data. Nevertheless, many taxa are each supported to be monophyletic, such as V. arizonica, V. californica, V. girdiana, V. cinerea var. cinerea, V. cinerea var. baileyana, and V. cinerea var. floridana.
Recent diversification of Vitis subgenus Vitis in North America
The biogeographic patterns of biodiversity in Vitis subgenus Vitis, a dominant forest climber element in the Northern Hemisphere, contrasts with other plant groups having similar geographic distributions. On the other hand, Vitis subgenus Vitis exhibits a familiar pattern of intercontinental disjunction in the Northern Hemisphere (Li, 1952; Raven, 1972; Thorne, 1972; Wang, 1989; Wen, 1998 Wen, , 1999 Wen, , 2001 Wen et al., 2010) with species occurring in Asia, Europe, eastern and western North America, and Central America Moore & Wen, 2016) . However, many such disjunct groups that are species-rich overall have relatively species-poor, phylogenetically isolated lineages in North America (Wen, 1999 (Wen, , 2011 Qian & Ricklefs, 2000; Xiang et al., 2004; Ickert-Bond & Wen, 2006; Harris et al., 2013 Harris et al., , 2017a Harris et al., , 2017b Xiang et al., 2015; Wen et al., 2016) . Examples include Acer L., Staphylea L., Picea Mill., and Tsuga Carri ere (Grimm et al., 2006; Ran et al., 2006; Havill et al., 2008; Renner et al., 2008; Harris et al., 2009 Harris et al., , 2013 Harris et al., , 2016 Harris et al., , 2017a Harris et al., , 2017b Wen et al., 2016) . This is not the case for Vitis subgenus Vitis, for which over 20 species occur in the North American flora (see Moore & Wen, 2016; J. Wen, unpublished data) and comprise a clade ( Fig. 1 ; Ren et al., 2011; Wan et al., 2013; Liu et al., 2016) . Some disjunct groups do have greater diversity in North America than on other continents, but their diversity is usually highly concentrated in either eastern or western North America, such as in Trillium L. and Erythronium L., respectively (Osaloo & Kawano, 1999; Chen & Tamura, 2000; Liang & Soukup, 2000; Allen et al., 2003) . Vitis subgenus Vitis differs in having a distribution throughout North America, similar to the pecan genus Carya Nutt. (Zhang et al., 2013) , although some species occur exclusively in the east or west (Moore & Wen, 2016 ; http://bonap.net/Napa/TaxonMaps/Genus/County/Vitis). Subgenus Vitis is also somewhat unusual among the disjunct groups for including a neotropical species, which is uncommon among Northern Hemisphere disjunct groups (Graham, 1999; Pennington & Dick, 2004; Wen, 2011; Harris et al., 2013) . In future work, subgenus Vitis may yield new insights on the diverse processes underlying the classical Northern Hemisphere intercontinental disjunctions (also see Nie et al., 2012) .
Our results suggest that subgenus Vitis underwent a rapid, recent radiation in the New World that may explain its diversity in that region. The radiation was primarily of the North American species, as only one species, V. tiliifolia, occurs in Central America to northern South America. The New World species, except for V. californica, began diversifying in the Pliocene, around 4.57 Ma (95% HPD: 2.46,7.77), about 2 million years more recently than their Eurasian counterparts (Fig. 1) . The New World species also diversified more rapidly than species in Eurasia (Fig. 2) . One possible explanation for the rapid radiation in the New World is repeated range perturbation due to late Cenozoic and Quaternary glacial cycles (Ruddiman & Kutzbach, 1989; Thompson & Anderson, 2000) . Species may have differentiated during glacial cycles allopatrically in refugia and/or along environmental gradients during interglacial re-expansion (Hewitt, 1996 (Hewitt, , 2000 Loera et al., 2012) . One recent refugium may have been in Texas and/or adjacent areas that have high diversity of Vitis subgenus Vitis, including several endemic species (Moore & Wen, 2016 ; http://bonap.net/ Napa/TaxonMaps/Genus/County/Vitis) and morphologically unique forms, and have been identified as refugial areas for other eastern and western North American plant taxa (Raven & Axelrod, 1978; Swenson & Howard, 2005; Nie et al., 2010) . In order to investigate possible roles for complex glacial cycles in driving the radiation in subgenus Vitis, a more complete understanding of the species-level taxonomy and distributions of the subgenus will be needed.
Taxonomic implications
4.3.1. The Vitis cinerea complex The Vitis cinerea Engelm. complex has been broadly sampled in this study to test its relatively recent, highly inclusive species circumscription (Comeaux et al., 1987; Moore, 1991) . Munson (1909) had much narrower species delimitations for the complex and recognized V. cinerea var. cinerea, V. cinerea var. floridana Munson, V. baileyana Munson, and V. berlandieri Planch. in North America. Comeaux et al. (1987) placed V. baileyana as a variety of V. cinerea. Our phylogenetic results supported the sister relationships between V. cinerea var. cinerea and V. cinerea var. baileyana. But V. cinerea var. helleri (¼ V. berlandieri) and V. cinerea var. floridana did not form a clade with V. cinerea var. cinerea and V. cinerea var. baileyana. Our phylogenetic results and field studies support splitting the V. cinerea species complex into at least four species, largely consistent with Munson's earlier work, but further recognizing the V. cinerea var. floridana lineage at the species level (as V. simpsonii Munson, Table 1 ). Furthermore, there seem to be three undescribed new species which share the characteristic angular branches of the current year's growth of the V. cinerea complex and which are distributed at least from Louisiana and Kentucky (V. sp.1), in Virginia and nearby areas (V. sp.2, also in Maryland and the Washington, DC area, pers. observations by J. Wen), and in Texas (V. sp.3) (Fig. 1, Table 1 ). These three new taxa are represented by four samples in our study (V8 and V16 as V. sp.1, V57 as V. sp.2 and V1 as V. sp.3 in Fig. 1 ; Table 1 ). The taxonomic treatment of the Vitis cinerea complex with detailed discussions on species delimitation will be presented in a separate paper along with the morphological comparisons.
The Vitis aestivalis complex
The Vitis aestivalis complex is widespread in eastern North America, with V. aestivalis itself, ranging from southern Ontario to Florida, and east to Maine, west to Oklahoma and Texas (Moore & Wen, 2016) . Three varieties were recognized within the species complex (Moore, 1991) : var. aestivalis, var. bicolor Deam, and var. lincecumii. We sequenced four samples: V10 and V64 from Florida (var. aestivalis, with rufotomentose young leaves, which was treated as V. rufotomentosa by Small, 1903) , V 31 from New Jersey (var. aestivalis), and V15 from Texas (var. lincecumii). The four samples are found in three separate clades. Our results seem to support recognizing at least three species in the V. aestivalis complex: V. aestivalis, V. lincecumii from eastern Texas to western Louisiana, and V. rufotomentosa from Florida (Table 1 ). Our present analyses did not include samples of V. aestivalis var. bicolor. Morphologically var. aestivalis and var. bicolor are close, but differ in their fruit size, leaf pubescence and nodal diaphram size as outlined in Moore (1991) . Further analyses are needed to understand the phylogeographic pattern in the complex, especially using both chloroplast and nuclear loci to detect introgression with other taxa in the region, such as V. labrusca.
Future Work
Our phylogenetic results suggest many remaining taxonomic problems in the New World Vitis. Three recent studies (Comeaux et al., 1987; Moore, 1991; Moore & Wen, 2016) emphasized the species delimitations in New World Vitis but were made prior to extensive analyses on species delimitations using sufficient sampling and chloroplast and nuclear molecular data. Our present study is one of the first comprehensive efforts to investigate the taxonomic status of species of New World Vitis with most samples collected from wild populations and using a large dataset containing many phylogenetically informative characters. However, our present data is limited to plastomes, and we suspect that fastevolving, biparently inherited nuclear markers are also needed to disentangle the complex evolutionary history of the group, particularly involving rapid radiation (e.g., Fig. 3 ) and probable hybrid speciation (see Moore & Wen, 2016) . Future work should specially focus on testing hybrid speciation hypotheses using dense sampling of populations (Abbott, 2017) . Additionally, detailed analyses of Vitis based on nuclear phylogenetic results integrated with niche modeling (also see Zimmer & Wen, 2012 Wen et al., 2013b; Callen et al., 2016) and the existing plastome data may shed insight into the biogeographic and demographic dynamics of Vitis from the Tertiary to the present.
Our phylogenetic results of Vitis and its close relatives strongly argue for the need for integrative systematic studies of this fascinating and economically important plant genus, with evidence from morphology, anatomy, phylogenomics, ecology, biogeography, fossils and bioinformatics ; also see Spooner, 2016) . With the genomic resources available for Vitis and Vitaceae (Jaillon et al., 2007; Myles et al., 2010 Myles et al., , 2011 Wen et al., 2013a; Zhang et al., 2015a Zhang et al., , 2015b , Vitis presents an ideal model for integrative systematics that has a significant relevance to the general public, as is called for in the Shenzhen Declaration in Plant Sciences (Shenzhen Declaration Drafting Committee, 2017) .
New phylogenetic results based on both chloroplast and nuclear genomes will aid in the refined taxonomy of the grape genus. Vitis has not been comprehensively revised taxonomically for over a century (Planchon, 1887) . Thus, we propose a network of experts to produce integrative systematics of grapes and their close relatives, particularly aiming to provide modern taxonomic revisions of the grape genus and outgroups on a worldwide basis and to generate informatics tools for easy public access online.
